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Abstract—The Tropospheric Emission Spectrometer (TES) is
a high-resolution spaceborne sensor that is capable of observing
tropospheric species. In order to exploit fully TES’s potential for
tropospheric constituent retrievals, an accurate and fast opera-
tional forward model was developed for TES. The forward model
is an important component of the TES retrieval model, the Earth
Limb and Nadir Operational Retrieval (ELANOR), as it governs
the accuracy and speed of the calculations for the retrievals.
In order to achieve the necessary accuracy and computational
efficiency, TES adopted the strategy of utilizing precalculated
absorption coefficients generated by the line-by-line calculations
provided by line-by-line radiation transfer modeling. The decision
to perform the radiative transfer with the highest monochromatic
accuracy attainable, rather than with an accelerated scheme
that has the potential to add algorithmic forward model error,
has proven to be very successful for TES retrievals. A detailed
description of the TES forward model and Jacobians is described.
A preliminary TES observation is provided as an example to
demonstrate that the TES forward model calculations represent
TES observations. Also presented is a validation example, which
is part of the extensive forward model validation effort.

Index Terms—Earth Limb and Nadir Operational Retrieval
(ELANOR), forward model, Jacobians, line-by-line radiation
transfer modeling (LBLRTM), radiative transfer (RT), TES,
Tropospheric Emission Spectrometer (TES).

1. INTRODUCTION

HE Tropospheric Emission Spectrometer (TES), launched
on July 15, 2004 on the Earth Observing System (EOS)
Aura satellite, was developed to provide continuous global
surveys of the chemical state of the troposphere. TES is a
spaceborne high-resolution Fourier transform spectrometer that
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TABLE 1
SPECTRAL GRIDS FOR TES FILTERS

Filter ID  Lower Point (cm™)  Upper Point (cm™) Reference Grid Operational Spectral
(em™) Grid (cm™)
1A1 1900 2250 0.0004 0.0008
1A2 2200 2450 0.0004 0.0008
1A3 2425 2650 0.0004 0.0008
1A4 2600 2850 0.0004 0.0008
1AS 2800 3050 0.0004 0.0008
1B1 820 1050 0.0002 0.0004
1B2 950 1150 0.0002 0.0004
2A1 1100 1325 0.0002 0.0004
2A2 1300 1550 0.0002 0.0004
2A3 1500 1750 0.0002 0.0004
2A4 1700 1950 0.0002 0.0004
2B1 650 900 0.0001 0.0002

covers the infrared spectral range 650-3050 cm~! with both
limb and nadir viewing capabilities and a spectral resolution of
0.025 and 0.06 cm™!, respectively [1]. Another characteristic
of the TES instrument is that it utilizes interchangeable filters
for different spectral subregions (filters shown in Table I).

The high-quality TES observations require that the TES oper-
ational retrieval model, Earth Limb and Nadir Operational Re-
trieval (ELANOR), be both accurate and computationally ef-
ficient. The TES operational retrieval model originated with a
pilot code developed at Atmospheric and Environmental Re-
search, Inc. (AER). The forward model component is based on
the line-by-line radiation transfer model (LBLRTM) [2], itself
based on the FASCODE line-by-line model [3]. This algorithm
was then updated by the Jet Propulsion Laboratory (JPL) to
the TES Working Prototype Retrieval algorithm (TWPR) for
operational prototyping and testing. These prototyping efforts
proved to be valuable in testing the speed and accuracy of algo-
rithms forwarded by the members of the TES Science Team. The
present ELANOR operational algorithm was developed based
on the design of TWPR. An important component of ELANOR
is the forward model, as it determines the accuracy and speed of
the calculations.

Theretrieval strategy for TES utilizes the method of minimized
variance in which the variance is taken between the measured
spectral radiances and those obtained from a forward model
[4]-[6]. The role of the forward model is to calculate accurate
spectral radiances equivalent to those measured by the spectral
radiometer given a forward model state vector including inputs
characterizing the radiating atmosphere and surface. The forward
model also includes the characterization of the instrument
to enable direct comparison of the measured and calculated
radiances. A critical requirement for the forward model is that it
be as accurate as possible and yet be capable of performing the
calculations with acceptable computational cost. For aspects
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Fig. 1. Flow diagram of the overall TES level 2 retrieval algorithm.

of the retrieval problem, errors in the forward model including
errors in the line parameters, systematic in nature, may be a
significant contributor to the retrieval error. The context for
the forward model is provided in Fig. 1. The overall retrieval
strategy is indicated together with the role of the forward model
in that context. The differences between the measured and
calculated spectral radiances, the variance of which is to be
minimized by adjustment of the state vector, are contained in
the box labeled “Inversion & Error Analysis.”

The pressure level and spectral grids used in the TES forward
model calculations are specified and a detailed description of the
important components of the forward model is presented. The
modules of particular importance for the forward model are those
required to perform the ray tracing and layer path integrals; the
radiative transfer (RT) including the optical depth calculations,
the Jacobians of the spectral radiances with respect to specified
parameters; the convolution of the calculated monochromatic
spectrum with the spectral instrumental function; and in the case
of the limb, the convolution of the radiance field characterized
by rays associated with multiple tangent pressures with the
instrument field of view. A state vector is required for the forward
model that includes the temperature profile, profiles for relevant
molecular species, cloud and aerosol characteristics, and the
parameters necessary to describe the radiative properties of
the surface. In Fig. 1, these state vector elements are indicated
by the oval “Initial Guesses of Atmospheric/Surface States.”

The following sections describe the key elements of the for-
ward model and Jacobian modules. The content for these sec-
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tions follows closely the detailed description in the TES ATBD
[7] with appropriate modifications and summaries.

II. FORWARD MODEL
A. Pressure Level and Spectral Grids

Before describing in detail the TES forward model calcula-
tions we must specify the TES forward model pressure levels
and spectral grids on which the calculations will be performed.
The natural vertical grid for the forward model is based on pres-
sure levels, as this variable has a more basic connection to atmo-
spheric state and is one for which the Jacobians have a particu-
larly simple form. A common pressure grid has been chosen for
the limb and nadir measurements. The spacing of the vertical
levels is determined by two considerations: 1) accuracy of the
forward model radiative transfer calculation and 2) the angular
distribution of the limb radiances arriving at the satellite for the
finite field of view convolution. The basic vertical coordinate is
chosen as log(P) and the spacing has been made compatible
with that established for Upper Atmospheric Research Satellite
(UARS).

The forward model state vector is defined on the full grid by

5—1

logyo(Pi) = 1)

6m

which provides a superset of the UARS grid, where P; is the
pressure in hPascals of level index 7 and the “superset factor”
m is an integer. The UARS grid corresponds to m = 1, with
a spacing of six levels per decade of pressure. The value of m
is determined by the accuracy requirements of the numerical
method.

The full state vector defines an 86-layer atmosphere for the
absorption coefficient table pressure and temperature grids. This
86-layer atmosphere has 87 pressure levels between 1211.53
and 0.1 hPa. The pressure levels (in hPa) are defined up to
1 hPa (m = 4) as

Py, = 1000 x 10~ (*+=2)/24, k=0,....,74 (2
and above 1 hPa (m = 2) as
Py, = 1000 x 10~ (*=38)/12 k=175,...,8. (3)

In the troposphere, the geometric layer thickness for the U.S.
standard atmosphere varies from 0.83 km (surface) to 0.6 km
(tropopause). Between 100 and 1 hPa, the layer thickness is
0.6-0.8 km; while above 1 hPa, it is 1.5 km.

The pressure at the Earth’s surface provides the lower
boundary for the forward model and is defined for every TES
observation. The layer with the surface as its lower boundary
is thinner than (or equal to) a TES standard forward model
layer. The sea surface pressure is obtained from available
meteorological data [e.g., Global Modeling and Assimilation
Office (GMAO)]. The Earth surface pressure is calculated from
the sea surface pressure using the hydrostatic equation at the
surface geodetic elevation. The top pressure boundary for the
surface layer is a TES fixed pressure level.

The spectral grid for the monochromatic radiative transfer
calculations for the spectral domain associated with a specific
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TABLE 11
NOMINAL GRID SPACING VALUES OF OTHER SPECTRAL PARAMETERS
Parameter Spectral Grid
Spacing
(cm™)
Heavy molecules (e.g., HNO;, CFC’s) 0.0025
H,0, CO,, N,, and O, continua 0.1
Clouds and aerosols 1.0
Surface emissivity 10.0
Surface albedo/reflectivity 10.0
Surface bi-directional reflectivity distribution function 10.0

TES filter is determined by the mean Doppler width at the top
of the atmosphere. Studies of the dependence of errors in RT on
spectral sampling indicate that for pressure broadened lines, a
sampling grid of four points per Lorentz halfwidth is required
[8] for acceptable monochromatic accuracy. Extension of this
analysis to the Doppler and Voigt line shapes leads to effec-
tively the same conclusion. The spectral sampling based on this
criterion, in addition to being appropriate for the stratosphere,
provides proper spectral sampling of the narrow water lines in
the atmospheric window regions and of the line coupling effects
of the carbon dioxide Q branches in the pressure-broadening
regime. The spectral grid is based on the Doppler width, but is
fixed for a given filter.

The archived absorption coefficient files, described in detail
in Section III, are computed for a spectral grid of four points
per halfwidth at the top of the atmosphere. To reduce compu-
tational cost and data storage for the operational retrievals, an
operational grid that is half the resolution of the fine grid is
utilized. The operational grid absorption coefficient tables are
obtained by convolving a three-point triangular filter with the
fine-grid tables. It was determined that the instrument convolved
radiances computed using this operational grid are accurate to
within 0.001% as compared with the radiances computed using
the fine spectral grid. Table I describes the operational spec-
tral grid for each filter. The RT parameters specified on other
spectral grids (e.g., spectral emissivity) are interpolated by a
four-point Lagrangian to the operational spectral grid; refer to
Table II.

B. Ray Tracing and Path Integrals

The first step in the TES forward model calculations is to ob-
tain effective layer pressures and temperatures and layer column
amounts by performing the required ray tracing and path in-
tegral calculations over the forward model pressure grid. The
basic principles of the line of sight calculation are described
here; for full details refer to the TES Level 2 Algorithm The-
oretical Basic Document (ATBD) [7]. The nonsphericity of the
Earth is accommodated by using a coordinate system with origin
at the Earth’s center of curvature at the latitude corresponding
to the intersection of the nadir ray with the Earth surface for
the nadir case or the latitude of the tangent point for the limb
case. In the plane of the ray (refraction horizontally is ignored)
the atmosphere is described in terms of functions of radius r
and angle 1 of the line from the center to the ray element (see
Fig. 2). Quantities in a radially symmetric atmosphere are as-
sumed to be independent of .
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Rmy = Field-of-view Response Function
L®) = Spectral Radiance from Level k in Directiond
R, = Earth Radius of Curvature at Geoid
R, = Radius of Curvature to Satellite
7 = Angle between R and Res
P = Intersection of R; and Geoid
V
Fig. 2. Diagram for TES limb geometry and FOV convolution in limb mode.

For integrating the hydrostatic equation, a full latitude/alti-
tude model is used for the variation of the acceleration of gravity.
The air density is calculated from an equation of state that in-
cludes the effect of water, and is not simplified to the perfect gas
law.

For the nadir case, the ray tracing is evaluated from simple
trigonometry, ignoring refraction. Evaluations of volume
mixing ratio ¢ and temperature 7" are carried out analytically
over full pressure P grid layers, assuming that In(q) and T are
linear in In(P).

For the limb case, the approach used is based on that of
Kneizys et al. [9]. The coordinate z = r cos 6§ is used along the
ray to avoid the singularity at the tangent point, where r is the
radius from a center and 6 is the zenith angle. The zenith angle
of the ray is obtained from Snell’s law for spherical symmetry,
r n(r)sin§(r) = constant, and the distance element ds along
the ray is related by dr = sin 6ds This provides the following
relation:

ds = dix 4)

[+ (3) (57) sin®6(r)]

which is used to integrate the path integrals with respect to z, an
explicit function of r, rather than s. The integrals are evaluated
by dividing each full grid layer into sublayers in x, such that all
quadrature intervals are smaller than a given length, and using
a trapezium or higher order quadrature.

In the limb when the atmosphere is not radially symmetric,
the previously outlined ray tracing technique does not apply be-
cause we can no longer assume that n 7 sin # = constant. In this
case, we can use a more general approach and construct a set of
three coupled ordinary differential equations in r(s), 6(s) and
() to describe the ray trajectory. These are integrated forward
from an assumed tangent point to the satellite altitude. The hori-
zontal location of the tangent point as expressed by 1(0) is then
iterated so that the ray reaches the location of the satellite. Path
integrals are evaluated in the same way as for the radially sym-
metric case, but using the same quadrature points in s as are
used by differential equation integration. This refinement has
been prototyped and tested by the TES Science Team.




CLOUGH et al.: FORWARD MODEL AND JACOBIANS FOR TES RETRIEVALS

In limb viewing mode, the angular radiation field measured
by the TES detectors is represented by a number of rays that
span the TES field of view (FOV) (Fig. 2). Each ray is traced
through the atmosphere to the TES sensors. For those rays that
do not intersect a boundary such as the Earth or a cloud, a sim-
plification is made in the ray tracing by specifying that each
ray must correspond to a tangent point of one of the TES for-
ward model levels. Each ray’s spectrum is then convolved with
the TES instrument-line-shape (ILS) function to account for the
TES spectral resolution. Then, the radiances from the bundle of
rays are integrated over the angular response of each detector to
obtain the calculated angular radiance for each of the TES detec-
tors. The TES ray levels (or tangent levels) are specified in a ray
table. The ray table specifies which levels are used for the dis-
cretized angular radiance field. There are 32 rays total in this ray
table. As a test to determine the number of total rays needed, the
modeled detector radiances using this set of rays was compared
to the modeled detector radiances using a finer discretization of
64 rays (refer to Fig. 3). Fig. 3 shows that the difference is much
less than the nominal instrument NESR; hence it is concluded
that 32 rays is sufficient discretization.

An additional refinement to the TES computation of limb
multiple rays is the ability to reduce the computationally expen-
sive computation of molecular absorption coefficients and total
optical depth when computing the angular radiance field. This is
possible because the absorption coefficients for any given layer
are approximately the same for all rays traced through the layer.
If the average pressure and temperature of a layer for some ray
traced through the layer is within 0.1% and 0.1 K, respectively,
of that from a reference ray, then the absorption coefficients can
be reused for the optical depth and Jacobian calculation, i.e.,

1- P

pray —ref
PZ

<0.01
T — Tt <0.1K (5)

where ray-ref indicates a reference ray for which molecular ab-
sorption coefficients and optical depths have been computed,
P;™ and T;™ are the average pressure and temperature, respec-
tively, for layer £ and ray-index ray. In addition, the total layer
optical depth for a given ray may be obtained from the total op-
tical depth of a reference ray by scaling (with less than 0.1% loss
in accuracy for the radiance calculation) if the above condition
is met along with the additional condition that

ray
- l,avg

Rr ay

¢,species

< 0.001

where
Ngpecies
ray
2 Uy ;
Rray — =
638 T Nopocies
E urayfref
. lyi
=1
ray
R _ ul,spocios 6
l,species —  ray—ref ( )
¢,species
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and 1w, 3 ccies 15 the column amount for some species at layer £
and ray index ray. The total optical depth for a given ray and
layer ¢ can be computed by multiplying the optical depth from
ray-ref and layer £ by the scaling factor: R .

C. Radiative Transfer

The spectral radiance received at the satellite is obtained by
integrating the RT equation. Under clear conditions, the radi-
ance received in a nadir-viewing mode includes four sources:
upwelling atmospheric emission, reflected downwelling atmo-
spheric emission, surface emission, and reflected solar radiation.
All of these radiation sources are attenuated by the atmosphere.
The monochromatic radiances are convolved with the instru-
ment line shape (ILS) to obtain calculated radiances associated
with the TES measurement. For a single ray without scattering,
we have (7), shown at the bottom of the next page, where

o L(Q,v) is the upwelling radiance at frequency v into solid
angle €2;

o ®(v,v') is the ILS, i.e., spectral response at frequency v
due to incident radiance at v/;

* B(v,T) is the Planck function for temperature 7" at fre-
quency v/;

o Tyt is the surface (skin) temperature;

o T(Q,2,2,1) is the atmospheric transmittance at fre-
quency v/ in a direction €2 between altitudes z and 2’;

* Rprpr (2,-Q,7) is the surface bidirectional reflectance
distribution function (BRDF) for incident (downward)
solid angle €2’ and emergent (upward) solid angle €2;
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* ¢(Q, 1) is the surface emittance at frequency v’ into solid

angle €;

o FE. (V') is the disk-average solar radiance at frequency v/;

e () is the solar solid angle at Earth;

e 2o is the surface altitude.

For limb viewing radiance a similar equation holds where zg
is the tangent height, the second term is the radiance contribu-
tion from the atmosphere from the far-side space to the tangent
point along the line of sight [with Rgrpr (2, —', v’) replaced
by 6 (2 + €)1, and the last two (surface-related) terms being
omitted.

The vertical integrations in (7) for the upwelling term, L' oo,
the downwelling radiance, L(l] , and the total transmittance 7o 0o
are calculated recursively in a loop over layers. After appro-
priate initialization, Lo, L(l), and 7y oo are updated at each
step [ in the recursion as follows:

To.c0(+1) =To,co) T ®)
Llo(l+1) = Llo(z)Tl + (1= 7)) Besr )

! . 7
Loagny = Loy + (1 = T1) B(Th) To0et) (10)
where 7; is the transmittance of the layer I, B(T;) is the Planck
function at the mean temperature of layer [, and B.g is the layer
effective Planck function defined below [(12)].

The layer transmittance 7; is calculated as

T, = exp (—7) (11)
where 7; is the layer optical depth. Since the exponential calcu-
lation is relatively expensive, it is precomputed and tabulated in
a lookup table.

In order to reduce the error associated with the discretiza-
tion of the problem, we apply an approximation in which the
Planck function is assumed to vary linearly with optical depth
through the layer, the “linear-in-tau” approximation [10]. The
source term in (9) uses an effective Planck function defined as

Begt (T, Tiv1,m) = B(T)) + [B(Ti41) — B(T))] F(r) (12)
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Fig. 4. Plot of the linear-in-tau function and its derivative.

where B(T}.1) is the Planck function calculated using the layer
upper level temperature, 774 1. The “linear-in-tau” function

(13)

and its derivative with respect to optical depth are precalculated
and tabulated for computation efficiency (Fig. 4). For small op-
tical depth, F(7;) — 7/6 as ; — 0, which can be shown
either graphically or by expanding F'(7) to higher order terms.
This effective Planck function has the desired behavior at the
two extremes [optically thin layers, B.g ~ B(1}) and optically
thick layers, Beg ~ B(1}41)].

The calculation of the Planck function as a function of fre-
quency at the forward model frequency grids is computationally
expensive. A piecewise continuous approximation has been uti-
lized in this calculation. The Plank function is calculated for a
coarser frequency grid and a linear interpolation is done for the
intermediate spectral elements.

1) Surface Contribution: The computation of the down-
welling radiance at the surface depends on the nature of the
scattering due to the surface, which is characterized as either
Lambertian or specular. For the Lambertian case, the surface
bidirectional reflectance is independent of angle and can be
expressed simply in terms of a surface albedo, which, when
multiplied by the downwelling radiance computed along the

oT (R, z,z0,V")

L(Qw):/Ooo<p(y,y'){/w3(y',T(z)) -

Z0

dz

(Instrument) (Upwelling atmospheric emission term)

+T(Q7ZO7OO7VI)/

2m

Reror (2, —Qlﬂ/')/

=0 T (=Y, 2z, z0,V")

B/, T (2)) P dzdSY

oo

(Downwelling, back-reflected, atmospheric emission term)
+e (Q, VI) B ('//7 Tsfc) -T (Q, 20, 00, Vl)

(Surface emission term)

+ RBRDF (Q _Qsal/) . Es (V/) ' QS ) T(_QS7 0072071/) ) T(Q7Z07OC7VI)}dV,

(Reflected sunlight term)

(N
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diffusivity ray (secant = 1.66) [11] provides an excellent
approximation to the scattered upwelling isotropic radiance
at the surface. The motivation for this approach is the low
computational cost with acceptable accuracy. The layer optical
depth for the diffusivity angle is obtained by multiplying the
nadir layer optical depth by the secant of the diffusivity angle.
Although an additional exponential is required, this approach
is faster than alternative methods. In the case of specular
reflection, the downwelling radiance is calculated for the same
secant as the upwelling (secant = 1 in the nadir case) and the
same layer transmittances are used for both the upwelling and
downwelling radiances. This calculation is fast and has full
accuracy.

The surface emissivity used in the RT calculation is deter-
mined using two methods depending on if the surface is water
or land. For an ocean scene the surface is uniform over the
TES FOV and the sea surface emissivity is spectrally well
characterized and extensively validated [12]-[14]. The sea
surface spectral emissivity being utilized by TES is that of Wu
and Smith (see Fig. 5) [12], which is available as a function of
wind speed and viewing angle. Over land the surface emissivity
is retrieved from the TES nadir data, which has many spectral
regions that contain information about the surface radiative
properties (“window” regions). Unless we have additional
information about the bidirectional reflectance, the surface
model chooses either a Lambertian or specular reflectance
approximation for the forward model calculation. In order to
arrive at a reasonable first guess for the retrieval of land surface
emissivity, or where appropriate, the bidirectional reflectance
for a target surface scene, we use an up-to-date estimate of the
seasonal land cover for the latitude and longitude of each pixel
in a given nadir view. Since the footprint of an individual pixel
is approximately 0.5 x 5 km, a database with spatial resolution
of order 1 km (or 32 arcseconds) is sufficient. The database of
land cover characteristics with 1-km resolution is described in
the TES Level 2 ATBD Appendix [7].

2) RT for the Solar Contribution: Extraterrestrial solar radi-
ance contribution to the TES observed radiance can be signifi-
cant in the 2000-3050 cm~* spectral region. Therefore, mod-
eling of the solar contribution can be important for the day-
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Fig. 6. Monochromatic solar spectrum over the spectral region relevant to
TES.

time retrieval of molecules such as CO. In order to accurately
model the impact of the solar radiation on the observed radi-
ances, the solar source function of Kurucz [15], [16], shown in
Fig. 6, is used in the forward model. It is the result of a radiative
transfer calculation based upon solar measurements, including
those of ATMOS [17], and includes a spatial integration over
the solar disk. The Kurucz source function has a resolution of
0.0040 cm~?! at 2000 cm~! and 0.0061 cm™! at 3050 cm™*,
but for TES the spectra are interpolated and stored on the oper-
ational monochromatic frequency grid.

For RT calculations using the solar source function, the
proper Doppler shifts between the scattering medium (nadir
view) and the sun (due to Earth’s rotation and orbit) and a
radiance adjustment for the distance of the Earth to the sun
must be applied to the spectrum. Initially, we have assumed
a static solar source function, but we may need to include the
effects of the solar cycle. Treatment of these effects involves
minimal computation time.

The solar contribution in (7) can be written as

L, = RBRDF(esa‘w Hs) Js%,oo(es) %,oo (14)
where J, is the extraterrestrial solar irradiance from Kurucz,
70,00 (0s) is the atmospheric transmittance at the solar zenith
angle 05, and Rgrpr(fsat, 05) describes the scattering from the
surface into the satellite direction. Experience with HIS spectra
suggests that, under solar conditions, there is almost always
some solar scattering due to atmospheric clouds and aerosols in
addition to the scattering from the surface. The present approach
for the limb observations is to remove spectra that are strongly
contaminated by solar scattering in the 2000-3050 cm ™! spec-
tral domain, but appropriate methods may be applied to extract
as much information as possible for species optically active in
this region [18] if strong aerosol conditions exist. The RT model
to handle scattering effects more completely has been proto-
typed and tested using LBLRTM and has the capability to treat
solar scattering in the single-scattering approximation at each
layer given a profile of scatterers and their optical properties.
The method of calculation is to use an effective secant for the
solar path in each layer, thus making use of the optical depth
calculation being done for the upwelling atmospheric radiation.
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3) RT for Clouds and Aerosols: The capability to address
the radiative effects of aerosols and clouds in the forward radia-
tive transfer model is an important issue for TES. Since clouds
and aerosols introduce scattering into the RT problem, the in-
crease in complexity for a full multiple-scattering approach is
prohibitive for the present calculation. For ahomogeneous layer,
the clouds (or aerosols) are characterized by a scattering co-
efficient, ks, and a single-scattering albedo, w = ks/k, + ks,
where k, is the absorption coefficient of the scatterer. The scat-
tering coefficients and single-scattering albedo are a slow func-
tion of frequency and may be characterized with a sampling grid
of order 25 cm™!. The approach that has been adopted is to
characterize the effects of clouds with an effective cloud optical
depth, defined and retrieved on the spectral grid appropriate to
the variation of %k, and w.

The approach described here has been developed and validated
through simulation. Simulated spectral radiances were obtained
at the satellite for a series of single layer cloud cases ranging over
cloud type, cloud optical thickness, and cloud altitude using an
accurate multiple-scattering code, CHARTS [19]. Through this
method it has been established that the retrieval of molecular
profiles, e.g., ozone, is robust for cloud optical thicknesses
below one with degradation for higher optical thicknesses [20].

For this approach to the cloud problem, both the forward
model state vector and the retrieval vector include an effective
cloud height and effective cloud optical depth elements over
the frequency range of interest. The distribution of the effec-
tive cloud absorption as a function of log(P) is shown in Fig. 7
by the relation

(15)

InP — hlPC]d 2
0.1

Teid (V) = [keialea), exp [—<
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The quantity [kcialcia],, is treated as a single quantity in both
the forward model and the retrieval, and represents the effective
absorption of the cloud including the effect of the photon path
length, /.14, due to the scattering in the cloud.

The vertical extent of the cloud is described by the difference
of the upper and lower 1/e points above and below the center
pressure. This corresponds to a geometric cloud thickness of
~ 1 km (FWHM) at all altitudes. As the opacity of the cloud
increases to large values, the cloud takes on the characteristics
of a black body with extensive multiple scattering at the upper
boundary. The values of [kcidalcia], should have little spectral
content under this condition. The method adopted here is only
applicable to single level clouds. More complicated cloud fields
are not yet handled for TES retrievals.

For the limb, the clouds act as a lower boundary, in general
spatially inhomogeneous. Stratospheric aerosols can be an im-
portant consideration in the limb, particularly for atmospheres
affected by volcanic eruptions. The method described above
for clouds in the troposphere is expected to be adaptable for
aerosols in the stratosphere.

D. Instrument Line Shape Spectral Convolution
and Apodization

In order to compare with the measured spectra, the calculated
monochromatic spectra are convolved, or smoothed, with the
instrument line shape (ILS) function. This convolution is de-
scribed as

Le (v) = /OO O (v—1) Ly (V)dV (16)

— 00
where Ljy; and L are the monochromatic and convolved spec-
tral radiances respectively, and @ is the ILS function, which for
an ideal FTS is a sinc function.

An efficient way of performing the convolution is to multiply
the Fourier transforms of the L ; and ® and then transform the
result back to the frequency domain. This method directly simu-
lates the operation of an FTS. The monochromatic radiances are
transformed into an interferogram, apodized, and transformed
back to obtain the convolved spectra.

The spectral range for L (the integration boundaries) cal-
culated in the forward model is extended beyond the range of
L. Study shows that this extension should be over 160 sinc
halfwidths so that the error in L due to this truncation becomes
insignificant [21]. In cases where microwindows are used for re-
trievals, this extension of the monochromatic spectra can make
the forward model calculations more computationally expen-
sive. For example, a +6-cm ™! extension is needed for TES nadir
calculations. Norton—-Beer apodization [22] is used to reduce
this frequency extension. For the general case, 160 halfwidths
corresponds to a sinc function amplitude decrease of 0.0035.
Table III lists the spectral resolutions and the minimum exten-
sions for L, to derive L based on four different apodizations.

Although the line shape is asymmetric due to the off-axis
geometry of the TES detectors [23], this effect was not observ-
able above the noise level in averaged, high-resolution gas cell
spectra taken during instrument calibration [24]. Therefore, we
do not need to model this effect in Level 2. A sinc function
corresponding to the maximum optical path difference (max
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TABLE III
RESOLUTION AND POSSIBLE FORWARD MODEL EXTENSION VALUES

Apodization Case Resolution Nadir Nadir Limb Limb
Factor Resolution Extension Resolution Extension
(cm™) (cm™) (cm™) (cm™)
None 1.0 0.07143 6.0 0.01786 1.5
(box function)
Norton-Beer 12 0.08571 3.36 0.02143 0.84
Weak
Norton-Beer 1.4 0.10000 1.44 0.02500 0.36
Medium
Norton-Beer 1.6 0.11429 0.48 0.02857 0.12
Strong

OPD) suffices for the instrument line shape. Interferogram
self-apodization due to off-axis detectors is corrected in L1B
for high-resolution spectra [25], [26]. Applying Norton—Beer
apodization to the L1B spectra mitigates off-axis asymme-
tries, as well as other frequency grid interpolation errors.
As discussed above, apodization is applied to the forward
model in order to minimize the frequency range needed for the
monochromatic calculation, and must therefore be applied to
the L1B spectra as well.

E. Field-of-View Spatial Integration

The TES forward model derives the effective radiative re-
sponse of a pixel at the satellite by performing a trapezoidal
integration of the FOV function, with the representation of the
radiance field provided by multiple rays originating at speci-
fied tangent points. The set of refracted path radiances, L(6y),
is obtained by running the forward model over TES prescribed
tangent pressure levels, k = 0,..., Ny,y, with corresponding
zenith angles at the TES focal plane, 6}, (see Fig. 2). The TES in-
strument spatial FOV function for detector d, Rrov 4 is stored
on an angular grid 6;, j = 0,..., Nyoy appropriate for the
trapezoidal integration. The forward model radiances, L(6y),
are interpolated to match the Rrov g grid using a four-point
Lagrange method for unequally spaced points with continuous
first derivatives and are then integrated with Rroy 4 to obtain
the effective radiance at the detector. For the top and bottom
rays, three-point Lagrange interpolation is used. The calculated

radiance for detector d at the satellite L, is given as

Nrov
Leat (82) = Y L(6;) Rrov.a (05 — 04)A6;

=0

a7

where 84 = 0, + Afq; 0, is the instrument pointing angle,
which corresponds to the TES boresight; Af is the fixed an-
gular difference between this point and the center of detector d,
and AHJ = 1/2 (9]'+1 — 61',1).

To implement this radiance integration efficiently, we switch
the order of interpolation and summation over FOV angles to
obtain frequency-independent coefficients that are then applied
to the ray radiances (refer to the TES Level 2 ATBD for more
details [7]). This allows a significant portion of the FOV calcu-
lation to be performed after ray tracing, when the ray angles are
available, but before the RT, i.e., without frequency dependence.

The analytic partial derivatives of L, with respect to ), for
each detector is calculated at little computational cost. These
Jacobians are used for the retrieval of the pointing angle.
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III. TES ABSORPTION COEFFICIENT TABLE GENERATION

The strategy for the computation of the optical depths used
in the RT calculation is a critical consideration for the forward
model. For TES, the decision was made to perform the radia-
tive transfer with the highest monochromatic accuracy attain-
able without resorting to accelerated schemes that have the po-
tential to add algorithmic forward model error. Precalculated ab-
sorption coefficient files (ABSCO tables) are utilized to circum-
vent the computational cost of a line-by-line calculation. This
lookup table method has been used in the past for such instru-
ments as High Resolution Infrared Radiation Sounder (HIRS)
[27].

The optical depth (OD) along the line of sight for a given layer
[ is calculated as

T(V)l = Zum,lkm (P7T7 V) (18)

where the sum is over species, u,,,; is the layer molecular
amount for absorber m, and k,,(P,T,v) is the absorption
coefficient for molecule m. w,,,;, P, and T are calculated
in the ray-trace and path integral step. The k,,(P,T,v) for
the molecular species are precalculated at fixed pressure and
temperature grids and stored in the absorption coefficient files.

For TES, the absorption coefficients have been developed on
a temperature/pressure grid that enables the calculation of op-
tical depths with accuracy effectively equivalent to that provided
by a line-by-line calculation. The accuracy of the optical depths
and resulting spectral radiances is directly related to the accu-
racy of the line-by-line model used for the computation of the
absorption coefficient table.

The line-by-line code used to generate the TES spectral ab-
sorption coefficients is a version of LBLRTM adapted to specifi-
cally address TES accuracy requirements. The LBLRTM model
has been extensively validated against both upward and down-
ward radiance observations taken by a number of different in-
struments; an example is provided in Section V. Since LBLRTM
is run off-line to generate the absorption coefficients for the
ABSCO tables, the emphasis is on accuracy, not computational
efficiency. In particular, LBLRTM includes the very accurate
Armstrong [28] Voigt line shape option based on a linear inter-
polation between precalculated Voigt functions.

The absorption coefficients for a given molecular species as
a function of pressure, temperature, and frequency are precal-
culated and stored utilizing the best spectral line information
available for that species. The pressures for which the absorp-
tion coefficients are tabulated are the TES forward model layer
effective pressures. An advantage of using fixed pressure levels
bounding the TES forward model atmospheric layers is the
ability to ignore the interpolation of species absorption coef-
ficients in pressure at all layers except two: the layer nearest
the Earth’s surface in the nadir case, and the tangent layer in
the limb case. For each effective layer pressure the absorption
coefficients are calculated for 13 temperatures centered on the
U.S. standard atmospheric temperature profile [29] at 10 K
intervals. The total layer optical depth at a specified temperature
is obtained as the sum of the layer optical depths for all the
relevant species interpolated to the proper temperature.
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In the case of water vapor, self-broadening causes a nonlinear
dependence on the optical depth with respect to water vapor
concentration that must be taken into account. The H, O volume-
mixing ratio (¢) is therefore another variable in the ABSCO
tables for tropospheric H,O. Since the dependence of the H,O
absorption coefficient on ¢ is nearly linear for a given temperature
and pressure, we use linear interpolation/extrapolation in g
to calculate the HoO absorption coefficient for the associated
three temperature values. The two tabulated ¢ grids are for
extremely dry air, qqry = 10~%, and for 90% of the saturation
gsat at the given temperature and pressure grid, gwet = 0.9¢sat -

In general, by comparison to real time line-by-line calculations
of ABSCO, the advantage of table lookup is to greatly speed
up the calculation of the required spectral optical depths. The
effect of interpolations (temperature, pressure, and tropospheric
q) on TES retrievals was examined thoroughly. Studies for
both the nadir and limb cases have shown that compared to the
spectral radiance calculated by line-by-line code, the radiance
differences are less than 0.05% in the nadir and less than
0.1% in the limb [7]. A significant advantage of the ABSCO
approach is that the accuracy of the absorption coefficient
calculation is not limited in any way by computational cost
considerations. In addition, the spectral absorption coefficients
are readily amenable to empirical adjustment as atmospheric
measurements may suggest for improved retrievals.

Similar to the table lookup strategy used for the absorption
coefficients for the lighter molecules with high spectral con-
tent, the cross-section absorption coefficient table for heavier
molecules is obtained: 1) from a line-by-line calculation on the
predefined pressure and temperature grid (e.g., for HNO3) or 2)
interpolation of laboratory measurement onto TES P/T table
grids (e.g., the CFCs).

A. Databases for TES Absorption Coefficients

1) Line Parameters: The accuracy of the forward model is
critically dependent on the line parameters used for the gener-
ation of the ABSCO tables. The HITRAN 2000 line parame-
ters [30] with updates available through 08/2003 (last update
09/2001) provide the basis for the initial version of the TES
ABSCO tables. The numbering of the species, the format and
definition of the parameters including the vibrational state des-
ignations are consistent with the HITRAN 2000 compilation.
The HITRAN 2004 parameters [31] did not become available
in time for the requisite validation and inclusion in the initial
TES forward model. However, we did have access to some of its
important updates for the HITRAN 2004, included as described
below. Other improved lists will be incorporated in the future as
needed.

The spectroscopic line parameters are evaluated under the
aegis of a number of atmospheric measurement programs,
most particularly the ARM program. The TES database is a
customized subset of these validated line parameters. It should
be emphasized that the AURA instruments utilize spectral
domains including the microwave (MLS), thermal infrared
(TES and HRDLS) and ultraviolet (OMI). A concerted ef-
fort has been made in this work to retain consistency across
the relevant spectral domains, particularly with respect to
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the ozone line parameters. The TES line parameter database
(tes_v_1.2) is publicly available to the research community
(http://rtweb.aer.com/).

In Table IV, we provide a brief overview of the TES line pa-
rameter sources for selected key species. Also indicated are es-
timated percent uncertainties for the line intensities and widths
of the strongest transitions. It should be noted that the weaker
transitions are expected to have errors greater than those for the
stronger transitions.

In the following section we discuss the line parameters for
selected important species.

a) Water vapor: It should be noted that the significant im-
provements in atmospheric radiative modeling are due in con-
siderable measure to recent improvements in water vapor spec-
troscopy by Toth [32], which are included in HITRAN2000 up-
dates (O1_HITO1.par). The water vapor line parameters used by
TES are effectively the same as HITRAN 2004 in the spectral
region relevant to TES.

To address issues of isotopic differentiation in the atmos-
phere, the water vapor line parameters have been separated into
three files: 1) all water vapor isotopomers; 2) nondeuterated
isotopomers; and 3) deuterated isotopomers (e.g., HDO). The
strengths for HDO lines in the latter set have been scaled by
the appropriate deuterium abundance such that the associated
volume mixing ratio for deuterium is with respect to dry air.

b) Carbon dioxide: The line parameters of COy have
been taken from HITRAN 2000. The values for the strengths
are based on the 1992 work of Rothman et al. [33], [34]. Line
coupling for carbon dioxide Q-branches plays a significant role
in the spectral absorption [35]. The line coupling parameters
for Q-branches in the 612-796 cm~! region are consistent with
the HITRAN 2000 line parameters and are updated values of
those described in the work of Hoke et al. [36]. The carbon
dioxide line coupling parameters from 1930-2130 cm~! are
taken from Strow [37]. Improvements to these parameters will
be incorporated as new results become available.

c) Ozone: The positions, intensities and broadening
parameters for ozone in the TES spectral region are those of
Wagner et al. [38]. The rationale for using this set involves
a number of considerations: 1) The retrieval of tropospheric
ozone from space is highly dependent on the accuracy of the
widths. The halfwidths, obtained by extensive measurement,
are significantly different from HITRAN 2000 and give better
agreement in atmospheric validations; and 2) These line pa-
rameters are being used for the MIPAS forward model [39].

With respect to the line strengths, accuracy of the infrared
values still remains uncertain in the range of 3% [40], [41]. Fur-
ther analyses making simultaneous measurements in the v3 band
region with microwave and/or ultraviolet Hartley band measure-
ments are needed to resolve the discrepancies in the v3 band
strength.

d) Carbon monoxide: The carbon monoxide line posi-
tions and intensities for TES are those from the HITRAN 2000
database. The broadening coefficients are based on the work
of Zou and Varanasi [42] for air-broadened widths, pressure
shifts and temperature dependence of widths. The actual TES
linelist was compiled by Smith et al. [43]. For the widths,
a fourth-order polynomial in the rotational quantum number



CLOUGH et al.: FORWARD MODEL AND JACOBIANS FOR TES RETRIEVALS

has been applied to all transitions (ground state, hot, isotopic
bands) to achieve improved consistency and accuracy. A similar
approach was used for HITRAN 2004.

e) Methane: The line positions and intensities for
methane are taken from the “2001 update” described by Brown
et al. [44] as a total replacement of the methane parameters in
HITRAN 2000. The new methane database contains transitions
from the ground state for all the fundamentals of all three
isotopomers. In addition, predictions are included for ten hot
bands of '2CH, and '3CH, in the 504—2077 cm™! region and
for 15 hot bands of 12CH, from 2341-3370 cm . For the
most part, the width coefficients for CH, are values estimated
by averaging empirical measurements of the strongest bands
according to the quantum numbers J in the manner described
by Brown et al. [44]. Some direct measurements of widths are
inserted for over 1000 of the strongest transitions. While the
accuracy of the measured widths is thought to be 3% and better,
the J-averaged widths are accurate to 20% at best. Measured
pressure-induced shifts in line positions are inserted for several
hundred transitions but for most of the lines the shifts are
estimated using the value of the line position as a scaling factor.
Following the creation of the “2001 update” version, the investi-
gators using MIPAS data noticed that some pressure-broadened
coefficients were incorrectly inserted; corrections were made
for some 130 transitions, as described by Flaud et al. [39]. The
TES (tes_v_1.2) methane list below 1600 cm™! is the same
as the MIPAS 2003 methane compilation; however, this final
correction was not included in HITRAN 2004. It should be
noted that line coupling parameters for the methane Q-branch
at 1305 cm™! are anticipated [45] but are not yet available.

f) Nitric acid: The line parameters for nitric acid are
those used by MIPAS and subsequently adopted for HITRAN
2004. The improvements in the MIPAS line parameters provide
greater consistency within the TES spectral region, and with the
spectral regions associated with other instruments [39], [46].

g) Formic acid: Updated line parameters provided by
Perrin et al. [47] significantly improved accuracy in the v¢ band
located at 1105 cm~*. These parameters have been used for the
TES absorption coefficients and are also included in HITRAN
2004.

2) Isotopes: In general, the spectral line intensities used by
TES are weighted by the natural terrestrial isotopic abundance
of the isotopologue as in HITRAN. The selection of a particular
molecular species includes the contribution of all associated iso-
topes at their respective natural terrestrial abundances indepen-
dent of altitude. To study the dependence of a given isotope with
altitude (e.g., HDO) that isotope is treated as a separate molec-
ular species.

3) Cross-Sections: For heavy molecular species such
as chlorofluorocarbons (CFCs), hydrochlorofluorocarbons
(HCFCs), and SFg, spectral absorption cross-sections mea-
sured at atmospheric conditions are required [38], [48]. This is
essential, since the small rotational constants, low vibrations
and strong hot bands of such molecules preclude complete
modeling of the individual line transitions. The 1986 and
1992 editions of the HITRAN compilation introduced tem-
perature-dependent cross-sections but neglected the effect of
pressure broadening [49]-[52]. More recently, pressure-tem-
perature cross-sections sets have become available [53]-[55].
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TABLE V
INFRARED CROSS-SECTION DATA FOR TES
Molecule ‘Wavenumber Temperature Pressure Range  Number of
Range (1/em) Range (K) (torr) P,T sets
CCly 770-812 208-297 8-760 32
CFC-11 (CCI5F) 810-880 190-296 8-760 55
1050-1120 190-296 8-760 55
CFC-12 (CCLF,) 810-965 190-296 8-760 51
1040-1200 190-296 8-760 51
HCFC-22 (CHCIF,) 760-860 216-294 40-760 7
SFg 925-955 216-295 25-760 7
CF, 1250-1290 180-296 8-760 54
HFC134a (CFH,CF5) 1000-1350 253-287 0 3

Note: CIONO, and N,Os cross-sections will be added, as they are significant for limb-viewing
observations.

TABLE 1V
LINE PARAMETER SOURCES FOR KEY TES SPECIES
Species Sources Estimated Uncertainties (%)
Intensity ‘Widths

H,0 Toth [32], Rothman et al.[30] 3 3
CO, Line Parameters: Rothman et al. [33], [34] 3 2

Line-coupling: Hoke et al. [36], Strow et al.

[37]

0; Flaud et al. [39], Rothman et al. [31] 4 5
co Rothman et al. [31] 2 1
CH, Flaud et al. [39] 3 3520

HNO;, Flaud et al. [39], Rothman et al. [31] 7 50

The absorption cross-section, ., is defined as

(~InT,)

nl (19)

Ky =
in terms of the spectral transmittance 7 at wavenumber v, tem-
perature T" and pressure P, of column density n along an optical
path of length L (cm). It is presented at several (7', P) combina-
tions representing atmospheric layers given in commonly tabu-
lated atmospheric models as well as conditions encountered in
the polar regions.

Table V shows the datasets that have been adapted for TES,
from an updated set of measurements provided by Varanasi
[56]. These form an extension of the cross-sections of CFC-11,
CFC-12, HCFC-22, and SF¢ provided by Varanasi for 1996
HITRAN [57]-[60] and also include CF4. The cross-sections
of CCly listed in 1996 HITRAN, which originate from the work
of Orlando e al. [61], have been replaced for TES by those of
Varanasi.

For the purpose of TES codes, the cross-sections that are
originally given at different spacing (chosen according to res-
olution and pressure) were interpolated to a constant grid of
0.0025 cm™!. A special P-T interpolation was devised for con-
ditions different from the laboratory data. Table V shows the
data sets prepared on the TES system and TES Level 2 ATBD
describes the P-T interpolation program XSFINT. The data are
stored in HITRAN format (i.e., as separate files for each indi-
vidual molecule).

The rest of the molecular cross-sections sets are taken
from the 1996 HITRAN database, which, compared to 1992
HITRAN, provides an update for CIONO,. In addition to
the CIONO, v4 line parameters, new cross-sections for the
CIONOs in the 1265-1325 cm ™! region at 201, 211, and 222 K
are available from 1996 HITRAN, as provided by Orphal et al.
[62].
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The increased use of hydrofluorocarbons (HFCs), which are
expected to replace CFCs and HCFCs in many applications in
order to reduce the deleterious effects of released chlorine on
the atmospheric ozone layer, will add another absorber in the
IR “window” region, 8—12 pm. Cross-section data for a number
of HCFCs have become available [63], [64]. More recently,
Smith et al. [65] determined the cross-sections of HFC-134
(CHF;CHF;) and HFC-143a (CF3CHj). All of these data
are already available on the GEISA database [66] and will be
incorporated into HITRAN. We also prepared in TES format
the cross-sections of HFC-134a (from Clerbaux et al. [63]),
which is considered as one of the most popular HCFCs.

4) Aerosols: The HITRAN 2000 compilation contains
auxiliary tables in ASCII for various atmospheric particles. The
index of refraction tables include water and ice (the composi-
tion of cloud particles), aqueous sulfuric acid (the composition
of volcanic aerosols), and nitrate acid trihydrate and aqueous
HNO3/H>0O (possible compositions of polar stratospheric
clouds). The tables have individual wavenumber ranges, incre-
ments, and data formats. A description of the individual files is
reported in Rothman et al. [30]. Note that most of the available
measurements were obtained only at room temperature.

The emission measurements obtained by TES will display
enhanced radiances due to the scattering and absorption by
aerosol particles. As is well known, sulfate aerosol injection
into the stratosphere after a major volcanic eruption will greatly
increase radiance levels. At such times, strong aerosol bands
appear throughout infrared limb spectra [18].

5) MT_CKD Continuum: A new continuum model has been
developed for TES that includes continua due to water vapor,
carbon dioxide, oxygen, and nitrogen. The water vapor con-
tinuum [2], [67], [68] and carbon dioxide continua are devel-
oped and utilized such that when the continuum contribution is
added to the line-by-line component, agreement with observa-
tion is achieved. These continua have slow spectral dependence
and known thermodynamic scaling. The continua for oxygen
[69] and nitrogen [70] are due to collision-induced effects re-
sulting from collisions with the respective molecule and the
molecules comprising the air.

The water vapor continuum plays an important role in atmo-
spheric radiative transfer providing increased opacity between
spectral lines over the full spectral region from the microwave
to the visible. The continuum is important to the physical solu-
tion of the inverse problem, the remote sensing of atmospheric
state to retrieve temperature, water vapor, and trace species pro-
files as well as surface properties. There are two components
to the continuum: the self-broadened continuum (CY), depen-
dent on the square of the partial pressure of water vapor, and the
foreign-broadened continuum (C'y), dependent on the product
of the water vapor partial pressure and the dry air pressure. As
a consequence the self-broadened continuum tends to be more
important in the lower troposphere while the foreign-broadened
continuum tends to be more important in the middle to upper
troposphere.

As a result of more stringent accuracy requirements for
remote sensing applications and with the availability of im-
proved atmospheric observations, an entirely new water vapor
continuum formulation has been developed. The MT_CKD
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continuum is based on a new formulation in which the self and
foreign continuum models are each based on the contributions
from two components: a collision induced component and a line
shape component. This change in perspective has resulted from
the difficulty in developing a line shape formalism, such as in
CKD, based on sound physics that explains the magnitude of
the increased absorption in the intermediate line wing over that
provided by the impact approximation. The two components in
MT_CKD are applied consistently to all water vapor lines from
the microwave to the visible, and the results summed to obtain
self and foreign continuum coefficients from 0-20000 cm™1!.
Eight and seven parameters are needed to specify the two com-
ponents for the self and foreign continua, respectively, which
are sufficient to generate the entire continuum spectrum over
this spectral domain. The ratio of the self-continuum at 296 K
to that at 260 K has been kept the same as in the CKD model.
The only temperature dependence for the foreign continuum
arises from the radiation term as with CKD. The MT_CKD
model (as with CKD) should be regarded as a semiempirical
model with strong constraints provided by the known physics.
The principal consequences for remote sensing are with respect
to the foreign continuum, important in the upper troposphere
for the retrieval of water vapor and for the background spectral
radiance for retrieval of trace species including NO. Examples
of the role of the continuum for atmospheric observations may
be found in Shephard er al. [71], Shephard [72], Clough [10],
and Mlawer [73].

IV. JACOBIANS

The sensitivity of the spectral radiance at the satellite to per-
turbations of retrieved parameters is the Jacobian matrix, K. In
general, K = 0F/0x, where F is the forward model radiance
and x represents a retrieved parameter, such as temperature at
level [. In our retrievals, we cannot assume we are close to a
linear solution. Therefore, Jacobians are recalculated for each
iteration in a retrieval, using updated parameters.

Evaluating Jacobians using a finite difference method
is straightforward. For example, K can be calculated as
[F(x + Ax) — F(x)]/Ax], where Ax is a small perturbation
of parameter x. However, the computation can be expensive
if not optimized, and the accuracy of the derivatives is more
prone to numerical error and nonlinear contributions. For
these reasons, we compute analytic Jacobians for operational
retrievals and retain the finite difference method for validating
analytic Jacobians.

For atmospheric temperature and gas concentration, the an-
alytic derivative of the radiance at the satellite for a change in
parameter z; at level [ is more conveniently written in terms of
associated layer quantities, so that we have

L L T
8 sat — Z 8 sat % (20)
J

ox; 8@- o0z

in which z; is an element of the retrieval vector associated with
level I and Z; is the associated layer quantity for layer j. The
parameter  may be mixing ratio, log mixing ratio or temper-
ature in this context. The 9%;/dz; terms are independent of
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wavenumber and are calculated along with the layer quantities
during the ray-tracing procedure.

For the layer quantities, it is useful to separate the Jacobian
calculation into partial derivatives with respect to layer total op-
tical depth (7;) and Planck function (B;) via the chain rule

aLsat aLsat 87_1
—_— = 21
oz on 07 @D
for gas species, and
8Lsat _ aLsat @ 8Lsat % (22)
oT,  onm 9T, 0B 9T,

for layer temperature 7;. This approach has the advantage of rel-
atively simple expressions for the derivatives of 7; with respect
to log mixing ratio and temperature. It is also compatible with
the modularity designed into our code where quantities associ-
ated with optical depth are computed first to determine whether
they can be reused from one ray calculation to the next, while
quantities associated with layer to layer radiative transfer are
used locally in different functions. The expressions for each of
the above terms are given in detail in TES Level 2 ATBD Ap-
pendix and summarized here.

The partials of radiance with respect to layer total optical
depth have straightforward recursion relationships and can be
computed concurrently with the radiance and transmittance
terms in the RT calculation.

The partials of optical depth with respect to mixing ratio are
very simple for all gas species except HoO: d7,/9Ing,; ,,, =
Ti,m. 1.€., the partial of total layer optical depth with respect to
log mixing ratio for species mn is just the layer optical depth of
species . Partials of optical depth with respect to water vapor
mixing ratio have additional terms for line self-broadening, con-
tinuum, and integrated path amount dependence, which cannot
be neglected and are taken into account in the calculations.

The temperature Jacobians include terms for gas species
line absorption, continuum absorption, dependence of the in-
tegrated path amount and Planck function dependence. (When
the linear-in-tau approximation [10] is used, the temperature
dependence of the effective Planck function replaces 0B, /9T;.)
For absorption coefficient tables, the temperature partials for
species line absorption are a straightforward differentiation
of the coefficients using three-point Lagrange interpolation in
temperature.

When the surface or a cloud boundary is modeled, surface
temperature Jacobians are computed from the surface Planck
function term. If surface or cloud emissivity is retrieved, Jaco-
bians are computed for parameters on the tabulated grid for the
emissivity first guess (usually 10 cm~1). At present, we use a
simple linear interpolation between grid points, with Jacobians
that use the same interpolation coefficients.

For limb measurements, we also retrieve a single pointing
angle corresponding to the instrument optical axis in order to
determine the relative alignment of the detector FOV functions
to the ray radiances computed from tangent pressures on the
fixed pressure grid. The Jacobian for this pointing angle is gen-
erated along with the FOV integration by differentiating the co-
efficients for the angular four-point Lagrange interpolation.
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Fig. 8. Top panel is a preliminary TES nadir observation (calibration is
currently being refined). The middle panel is the corresponding ELANOR
forward model calculation, and the bottom panel is a residual plot between the
observation and the calculation.

V. FORWARD MODEL RESULTS

In order to demonstrate that the TES forward model calcu-
lations can represent the TES observations a preliminary TES
measurement from an early global survey is provided, refer
to Fig. 8. The TES nadir viewing observation took place on
September 20, 2004 over water at 133.8° longitude and 20.9°
latitude (run 2147, sequence 23, scan 2). All of the 16 nadir
viewing pixels were averaged together reducing the random
instrument noise. The retrieved temperature, water vapor, and
ozone profiles were used as input into ELANOR forward model
calculations. The retrieved parameters are used because the
purpose of this example is not to perform a true validation, but
rather just an example to show that ELANOR can reproduce
the TES observations. The small residuals (TES -ELANOR) in
Fig. 8 show that the model represents the observations taken by
TES.

The task of validating the forward model at the accuracies re-
quired to meet the objectives of TES is not a simple matter. For
the forward model radiances, the absolute accuracy objective is
0.5% or better, yet very few of the line parameters are known to
this accuracy. The perspective of validating the forward model
performance through validation of the retrieval products has sig-
nificant limitations. A common approach, the use of sondes for
temperature, water vapor, and ozone has the inherent problems
of temporal and spatial sampling. In addition, the accuracy of
the sonde measurements themselves may not be sufficiently ac-
curate. For water vapor, sondes typically exhibit peak-to-peak
errors of 15% in the column with larger errors in the upper tro-
pospheric humidity [74].

The TES forward model is continuously validated against
LBLRTM through numerous regression tests. LBLRTM is val-
idated extensively against both upward and downward radiance
observations taken by a number of different instruments over
a wide range of atmospheric conditions [71], [72], [75], [76].
In general, the spectral residuals from these validations have
been acceptably low for the purposes of TES. However, there are
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Fig.9. Top panel contains the HIS observations. The middle and bottom panels
are residual plots of (a) HIS CAMEX -LBLRTM_v6.01 with HITRAN96
spectral line parameters and CKD_2.4.1 continuum. (b) HIS CAMEX
-LBLRTM_v9.5 with tes_v_1.2 spectral ine parameters and MT_CKD_1.2
continuum. In the bottom panel, the variation about the local spectral mean
has been reduced to the point that errors in the vertical temperature profile are
apparent at the 1 K level.

spectral regimes for which continuing line-by-line model evalu-
ation and improvement is required, including the 650-800 cm—*
carbon dioxide region [77], the methane region at 1300 cm™ 1,
and the carbon dioxide line coupling in the 2076 cm™! spec-
tral region. The magnitude of the residuals is such that errors
including the specification of atmospheric state, spectroscopic
line parameters, and instrument function are of similar order as
those of the model errors, presenting a significant challenge to
forward modeling improvement.

As an indication of the current level of model performance
for a portion of the longwave spectral region, we provide in
Fig. 9 a radiance spectrum in equivalent brightness temperature
obtained with the University of Wisconsin High-resolution
Interferometer Sounder (HIS). The data were taken from the
NASA ER?2 aircraft during the 1993 Convection and Moisture
Experiment (CAMEX) aircraft at an altitude of 20 km in a
nadir view over the ocean. The resolution of the unapodized
spectrum is 0.32 cm™! (half-width at half-maximum). The
absolute radiometric calibration is better than 1 K with the relative
calibration better than 0.5 K. The bottom residual plot in Fig. 9
shows the difference between the HIS brightness temperature
spectrum and an LBLRTM-calculated spectrum utilizing the
TES line parameter database (tes_v_1.2). Despite the limitation
that the atmosphere utilized for the validation was obtained from
radiosonde data, which was neither cospatial nor cotemporal,
the comparison is extremely good. The surface temperature
and emissivity have been adjusted to minimize the brightness
temperature differences in the atmospheric window region. The
ozoneresidualsinthe 980-1080cm ! regionhave beenimproved
by utilizing a retrieved ozone profile obtained from the spectral
data. The effects of heavy molecules including CCly, CFC11,
and CFC12 have been taken into account as cross-sections in the
calculation. Carbon dioxide line coupling effects in this region
have been accounted for using the temperature-dependent first-
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and second-order coupling coefficients of Hoke et al. [36]. The
spectral residuals around 668 cm ™~ have been omitted as there is
a calibration issue due to strong CO5 emission in the instrument.
The regularly spaced spectral residuals in the 600-650 and
700-760 cm~! regions are an active area of research as this
is the region used for temperature retrievals by many passive
remote sensing sensors. The residuals are associated with carbon
dioxide and are due to remaining issues with carbon dioxide line
parameters. Smilarresidual signatures are also seen in validations
with other sensors (i.e., Scanning-HIS AFWEX spectra) [71]. A
contribution to the spectral residuals undoubtedly results from
errors in the atmospheric temperature and humidity profiles. For
example, the residual envelope in the v, CO» region (600-800
cm~ 1) is evidence of the atmospheric temperature profile not
representing the true state of the atmospheric temperature field.
It must be noted that such detailed analysis can only be performed
because of the high quality of the spectral radiance data in
terms of the photometric calibration, the noise and the spectral
calibration.

VI. FUTURE FORWARD MODEL ENHANCEMENTS

A. Non-LTE

The non-LTE capability is still under active investigation.
Although no species with non-LTE behavior is a standard TES
product, it is desirable to have capability to treat non-LTE be-
havior for special investigations. Under certain conditions, the
radiating system may not be in local thermodynamic equilib-
rium for which the translational, rotational, and vibrational state
distributions are characterized by a single temperature. In par-
ticular, nitric oxide (NO) and carbon dioxide (CO3 v3) exhibit
nonthermal radiative behavior, particularly in the presence of
solar excitation. This emission can be a significant fraction of
the total measured signal. To account for non-LTE, the forward
model must be able to accept the populations of the individual
vibrational levels. The algorithm for the calculation of non-LTE
radiances is based on LBLRTM, with the description provided
in the TES ATBD Appendix [7], and requires the non-LTE state
populations for the TES spectral measurements. The two ap-
proaches presently being explored to obtain these non-LTE state
populations are: 1) estimate the populations of the excited states,
using existing models and climatological temperature and solar
irradiance values; and 2) retrieve the populations of the affected
vibrational levels at all relevant altitudes, as well as the mixing
ratio distribution.

B. Horizontal Inhomogeneity

At the limb, the path length through the tangent layer can
be many tens of kilometers. Consequently, the assumption that
the atmosphere is homogeneous in composition and physical
state may not be valid. This is a challenging issue, therefore,
the ensuing discussion reflects ongoing analyses with TES data.
The approaches being investigated (in order) are as follows.

1) Ignore line-of-sight gradients in the forward model, re-
trieve a single profile from a single set of spectra, and in-
clude the effect in the error analysis (i.e., if a gradient ex-
ists, the residuals will increase).
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2) Assume some known LOS gradients in the forward
model. For temperature/pressure this can come from
meteorological data. For constituents it can come from a
first pass using method 1). This approach has been used
by LRIR, LIMS, and ISAMS.

3) First perform a “nadir-type” retrieval (but with cold space
rather than the Earth’s surface as background) along the
LOS. The weighting and contribution functions will be
strongly peaked in the tangent layer, but this is where in-
homogeneity will have most of its impact. Use the results
(one for each pixel) as a first guess for the standard limb
retrieval.

4) Retrieve the two-dimensional distribution (or at least a
mean profile and a profile of the LOS gradient) from a
single set of spectra. If horizontal inhomogeneity has a
measurable effect on the radiances, then in principle there
is information about it from which it might be retrieved.
However this information might also alias into something
else. Only numerical experiments can tell the difference.

5) Simplified tomography by sequential estimation. For ex-
ample, consider successive profiles at the locations corre-
sponding to three successive measurements. Call them A,
B, and C in time order. Set up an a priori and use the B
spectra to retrieve all three profiles jointly. The result gives
the final retrieval for the A profile. The retrievals so far for
B and C become a priori for the next cycle, and a priori
for D, the next location, are obtained by a combination of,
for example, climatology and extrapolation. Now use the
C spectra to retrieve B, C, and D jointly. This gives the
final retrieval for B and the C and D «a priori for the next
cycle. Repeat.

VII. SUMMARY

The TES forward model has been described here in some
detail outlining the implementation and methodology used to
generate monochromatic radiance calculations with the accu-
racy and computational efficiently required for the retrieval
of atmospheric constituents from TES measurements. Some
of the model attributes described here, e.g., the treatment of
clouds, have resulted from analyzing the TES data themselves.
Validation of the forward model spectral radiances with TES
measurements is highly dependent on the photometric accuracy
of the TES radiances, now established to be at a satisfactory
level through comparisons with AIRS and SHIS.

An important and continuing task of the TES forward model
effort is the assessment and improvement of the forward model.
At the level of accuracy required for the present application,
this is a challenging task. For the accuracies in the spectral
radiance measurements now being obtained from space, line
parameters with accuracy better than 1% are required. Even in
the laboratory, obtaining this level of accuracy for the range
of thermodynamic conditions and path lengths required, e.g.,
water vapor measurements at 260 K, 500 hPa, and 1 km, has
not been achieved. One commonly used and somewhat limited
approach in the evaluation of forward model performance is the
comparison of retrieved profiles with those provided by sondes
or other in situ measurements, e.g., the comparison of retrieved
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water vapor profiles with those obtained with radiosondes. The
problem with this approach is that although it provides an
assessment of retrieval performance, it is critically dependent on
the errors associated with the in situ measurements. These errors
include spatial and temporal sampling errors and in the case of
water vapor cited above, errors in the humidity measurements
particularly in the upper troposphere, which may be as large as
50%. A second difficulty with this type of assessment is that little
insight is provided with regard to the error sources. Again in the
case cited, it is not clear whether the errors in the retrieved water
vapor profile are due to errors in the temperature field or in the
forward model parameters associated with water vapor. In our
view, the extensive information associated with high-resolution
spectral measurements has not been adequately utilized to assess
and improve the forward model performance. For passive remote
sensing, obtaining an accurate temperature field is the most
critical task, as this field affects the radiances associated with
the molecular species to be retrieved. Currently in this regard,
the most serious limitation in the forward model are the errors in
the carbon dioxide line parameters, particularly in the 600-800
cm~! region. Our approach to addressing this problem will be
the simultaneous retrieval of line parameter information and
temperature profile for a range of cases, thus taking advantage
of the high spectral resolution and extended spectral range of the
radiance measurements. Measurements of upwelling radiance
from TES, AIRS, SHIS, and of downwelling radiance from
AERI at the ARM sites will be used for this purpose. Through
this procedure we will achieve consistency between the v5
CO5 bands (600-800 cm™1) and the N20 and v CO2 bands
(2000-2400 cm~1). The key to forward model improvement is
contained in the spectral residuals between the forward model
calculation and the spectral radiance measurement.
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